Several hypothetical silica structures have been generated using a simulated-annealing strategy with an ab initio based covalent-bonding potential. First-principles total-energy pseudopotential methods have been used to examine several promising hypothetical structures and to compare their structural parameters, cohesive energies, and bulk moduli with those of low quartz, low cristobalite, silica sodalite, and stishovite. The cohesive energies of these hypothetical structure types are found to be equivalent to those of low quartz, low cristobalite, and silica sodalite, and significantly lower than that of stishovite.
I. INTRODUCTION
One of the most challenging computational problems in materials science is the first-principles derivation of the stable and metastable structure types that can crystallize in a given chemical system and the prediction of their properties. ' In particular, a derivation of the stable and metastable structure types for the silica system and a prediction of their properties is of interest, because of the use of silica in technology and its abundance in nature. Not only is silica widespread in nature, being found principally as the stable structure type quartz and, to a much lesser extent as cristobalite, tridymite, coesite, and stishovite, but it also adopts a large variety of metastable structure types, some of which occur in nature and others which have been synthesized in the laboratory. Besides its industrial uses such as filters, insulators, and microstrain control devices, silica has also been put to good use in computational physics as a relatively simple but challenging system for testing computer models and modeling strategies. However, despite the many studies that have been completed, much remains to be learned about silica, its chemistry, and the cohesive forces that govern the structure types that it can adopt and their properties.
During the past decade, progress has been made in the mathematical modeling of silica with the calculation of the structural and the elastic properties of several of its stable structure types. In these studies, the modeling of silica has been approached in two diferent but complimentary ways. On the one hand, relatively inexpensive calculations have been completed with empirical, semiempirical, and ab initio based potential energy functions designed to mimic the force field of silica. For the most part, these calculations have been relatively successful despite their low computer costs in reproducing the structural and physical properties of several structure types of silica. On the other hand, periodic electronic structure calculations based on modified electron gas strategies, Hartree-Fock theory, and densityfunctional theory have also been completed. These calculations, albeit computationally much more expensive, have been successful in a number of cases in generating accurate static and dynamic properties for the silica structure types. However, one of the major drawbacks of both types of calculations is that they have been completed with a knowledge of the topologies of the structures to be modeled. No electronic structure calculations have been completed without a knowledge of the atomic coordinates of the structure. However, as observed above, the goal of computational modeling is not only to predict the properties of a given structure type, but also to derive the coordinates of the structure starting with a random arrangement of atoms.
The atoms in a material tend to arrange themselves in order to minimize the energy of the resulting structure. In order to generate additional structure types, it seems a rather straightforward task to first generate a suitable energy functional and then to determine an efBcient process to move the atoms about in such a way as to locate the minima on the Born-Oppenheimer potential energy surface that correspond to a low-energy structure. Boisen and co-workers used a combined simulated annealing and a quasi-Newton strategy to derive &amework structure types for silica using a potential energy function based on the theoretical force field of the molecule H6Si207. Each calculation was initiated with four Si02 formula units, randomly distributed in a unit cell. Using Low quartz is the stable phase of Si02 at ambient conditions. Its structure as shown in Fig. 3 Si-0(l) (A. ) Si-0 (2) Fig. 8 . This structure has a more open structure than low cristobalite and a di8'erent coordination sequence than any of the known silica polymorphs.
Structure BGB1 has a body-centered tetragonal unit cell with I4 symmetry and 8 Si02 formula units in the unit cell. The topology energy difFerences between structures, it is adequate for calculating the bulk modulus. We determined the bulk modulus of silica sodalite to be 122 GPa. This result conforms with the expected rigidity of the cubo-octahedral groups, the basic building block of the structure. The response of the silica-sodalite structure to pressure is a slight narrowing of the Si-0-Si bond angle accompanied by a relatively large decrease in the Si-0 bond length and an increase in the tetrahedral angle variance. structure has the same ring statistics and coordination sequence as the 8 net of Cr84, the A1Si net of monoclinic CaA12Si208, and the net of all the atoms in P-BeO.
In our calculations for BGB1, we used the bodycentered unit cell and one special k point at (4, 4, 4).
A convergence check using two special A; points shows that the structure is converged to the 0.1 mHartree level with the one special k point at (4, 4, 44) . For the optimized structure presented, a kinetic energy cutofF of 60 Hartrees corresponds to approximately 60000 plane waves in the basis set.
The calculated structural parameters for BGB1 are presented in Table V . In addition, structural parameters were calculated for simulated pressures up to 2 GPa. The BGB1structure is relatively soft, with the primary structural response to pressure being a significant decrease in the Si-0-Si bond angles &om 157 and 152 to 139', with the average Si-0 bond length remaining constant. The structure compresses anisotropically with the c/a ratio decreasing with pressure.
Stnsctures BGB2 and BGB3
The structure of BGB2, shown in Fig. 9 , is based on a body-centered tetragonal cell with I42d symmetry and four Si02 formula units in the unit cell. The structure of BGB3, shown in Fig. 10 
